Cancer initiating cells (CICs) have been the focus of recent anti-cancer therapies, exhibiting strong invasion capability via potentially enhanced ability to remodel extracellular matrices (ECM). We have identified CICs in a human breast cancer cell line, MX-1, and developed a xenograft model in SCID mice. We investigated the CICs' matrix-remodeling effects using Second Harmonic Generation (SHG) microscopy to identify potential phenotypic signatures of the CIC-rich tumors. The isolated CICs exhibit higher proliferation, drug efflux and drug resistant properties in vitro; were more tumorigenic than non-CICs, resulting in more and larger tumors in the xenograft model. The CIC-rich tumors have less collagen in the tumor interior than in the CIC-poor tumors supporting the idea that the CICs can remodel the collagen more effectively. The collagen fibers were preferentially aligned perpendicular to the CIC-rich tumor boundary while parallel to the CIC-poor tumor boundary suggesting more invasive behavior of the CIC-rich tumors. These findings would provide potential translational values in quantifying and monitoring CIC-rich tumors in future anti-cancer therapies.
Introduction
Cancer initiating cells (CICs) have been implicated as the cells responsible for the initiation, maintenance and growth of tumors [1] [2] [3] . The concept of CICs was first proposed in leukemia with the isolation of leukemic stem cells [4, 5] and CICs have since been isolated from many different cancers [6] [7] [8] [9] . The presence of this minority population in not only cell lines but also in patient samples has supported their implications in the clinical settings [10, 11] . CICs are highly tumorigenic, with higher expression of Vascular Endothelial Growth Factor (VEGF) and more invasive than non-CICs [12] [13] [14] . CICs are also more radiation-resistant and chemoresistant than the bulk of the tumors [15] [16] [17] .
CICs have so far been studied as isolated cells out of their tissue context important in orchestrating the observed phenotypic events in tumor development [18] . At every stage of tumor progression -initiation, vascularization and growth, the cancer cells interact with their microenvironment. The cancer niche consists of ECM, soluble factors, cancer cells and host cells such as fibroblasts, endothelial cells and immune cells [19, 20] . The interactions between cancer and host cells have been studied at cellular and molecular levels [21] [22] [23] with systems biology and mechanobiology approaches to understand these events in tissue context [24, 25] . There has not been a study of the CIC-host interaction in tissue context beyond a review by Sleeman and Cremers [26] .
Several techniques have been developed to isolate and study CICs in-vitro. Protein markers such as CD44/CD24 [10] , CD133 [27] , EpCAM [28] , and stem-cell related gene Musashi [29] , play a role in CICs. A generic approach (side population technique) to isolate CICs by measuring the drug efflux potential was developed by Goodell in 1996 [30] and has been demonstrated in many types of cancer [31] [32] [33] [34] [35] with a few exceptions [36] . All existing techniques are only useful to identify CICs from cell suspension and not in solid tumors. CICs represent a minority population consisting of less than one percent of the tumor cells. Identifying these rare cell populations in biopsies requires extensive processing to isolate the cellular fraction for flow cytometric analysis [37] . There is no known non-destructive technique to identify CICs or its phenotype by staining or imaging the biopsy sample, even though it would be important to identify CIC-rich versus CICpoor tumors that require different treatment regimens [3, 38] . Despite being a minority population, the CICs seem to be coordinating tumor development and progression [39] thus exhibiting potentially amplified effects on extracellular tumor microenvironment. We hypothesize that quantitative imaging by non-linear optics of the amplified tumor ECM signatures [40, 41] would allow for the differentiation of CIC-rich and CIC-poor tumors.
Collagen being one of the most abundant biomolecule in the ECM milieu renders itself as a good candidate to study CIC-ECM interactions. Fibrillar collagen such as type-I and III can be quantitatively imaged using Second Harmonic Generation (SHG) microscopy for their unique non-centro symmetric structure [42] . Collagen distributions have been imaged in breast, cervical, ovarian and skin cancers in the tumor stroma to assess collagen as a potential biomarker for cancer diagnosis [43] [44] [45] . Here we quantitatively compare the SHG-imaged collagen distributions in and around the CIC-rich and CICpoor breast tumors from a xenograft model, and extracted features that can potentially be used as a phenotypic marker for identification of CIC-rich tumors.
Materials and methods

Side population sorting, CICs isolation and cell proliferation assay
GFP-labeled breast cancer cell line MX-1 kindly provided by Dr. Robert Hoffman was used for all the experiments. MX-1 cells were cultured in RPMI medium with 10% fetal calf serum (FCS), 1.5 g/L Sodium Pyruvate, Sodium Bicarbonate and Penicillin Streptomycin. Cells were passaged every 3 days when they were 80% confluent.
For side population analysis, cells were trypsinized, centrifuged at 1000 × g and 1 million cells were re-suspended in 1 mL RPMI medium with 2% FCS and 10 μM Hepes Buffer. 5 μg/mL Hoechst 33342 dye was added and the cell suspension was placed in a 37°C water bath for 2.5 hrs. For blocking the cells from pumping out the dye, the transporters can be deactivated using the drug verapamil (Sigma Cat No: V4629). 10 μg/mL of verapamil was added to the cell suspension during the 2.5 hrs, 37°C incubation. After 2.5 hrs the cells were pelleted in a centrifuge at 1000 × g pre-cooled to 4°C. The cell pellet was re-suspended in a chilled HBSS buffer with 2% FCS and 10 μM Hepes at 3 million cells/mL.
A BD Fluorescence activated cell sorter (FACS) FACS Aria was used to analyze and sort for CICs. A UV laser was used to excite the cells and emission at 450/20 nm (blue) and 675 nm (red) were recorded. When the cells retain the dye in the cell interior a blue fluorescence can be detected. As time progresses the dye enters the nucleus where they bind to the DNA and produce red fluorescence. The side population or CICs are those capable of pumping the Hoechst 33342 dye out resulting in low signal levels for both blue and red fluorescence. Both the CICs and non-CICs were collected in culture medium supplemented with antibiotics and antimycotic drugs. 100,000 cells were collected for data analysis.
After sorting, 20,000 cells/well were plated in 24-well plate. Images of the cultured cells were acquired using Olympus IX51 light microscope one week after sorting. The cells were cultured and maintained over five passages over a period of 3 weeks and cell numbers were counted. The experiments were performed twice in triplicates.
Flow cytometric analysis for chemotherapeutic drug efflux
To study the side population profile for short-term drug treatment, 1 million cells were incubated in 1 mL RPMI medium with 2% FCS and 10 μM Hepes Buffer, 5 μg/mL Hoechst 33342 and 200 ng/ mL of either doxorubicin or mitoxantrone for 2 hrs at 37°C. The cells were pelleted in a centrifuge prewarmed to 37°C and re-suspended in 1 mL RPMI medium with 2% FCS and 10 μM Hepes Buffer and 5 μg/mL Hoechst 33342 and incubated for 0.5 hr. To study the side population profile for long-term drugtreated cells, MX-1 were cultured with 50 ng/mL doxorubicin or mitoxantrone for 7 days and then stained with Hoechst 33342 and analyzed for side population.
Developing animal models for in vivo imaging of MX-1 induced tumors
Isolated CICs and non-CICs were cultured for 2 days to allow them to recover from the stress of sorting before injecting into the animals. Female severe combined immunodeficiency (SCID) mice (17-20 g, 4-6 weeks old) were purchased from the Animal Resources Centre (Canning Vale, WA, Australia). On the day of injection, 100,000 CICs and 10 million non-CICs were trypsinized, counted, pelleted and re-suspended in 200 μL of chilled 1X PBS. The cell suspension was injected subcutaneously in the left thigh flank and left arm flank of four CICrich and four CIC-poor SCID mice. As the MX-1 cells were GFP-labeled the tumor growth was imaged using an in-vivo live imaging system (OV100, Olympus Corporation). The animal handling protocols were reviewed and approved by Institutional Animal Care and Use Committee (IACUC) in compliance with the guidelines on the care and use of animals for scientific purpose.
Tissue preparation and Second Harmonic Generation (SHG) imaging
The animals were sacrificed at the 8-week time point and either tumor or the tissue at the site of injection was isolated. The tissue was snap frozen in liquid nitrogen and stored at -80°C for sectioning. The tissues were embedded in tissue freezing medium (Jung OCT solution. Cat No. 020108926) frozen at -30°C overnight. 40 μm and 10 μm sections were cut on a cryostat and collected on poly-lysine coated glass slides. The sections were stored in -30°C freezer.
The 40 μm tissue section was fixed in ethanol for 10 minutes and washed in 1X PBS and de-ionized water for 10 minutes each to remove the remnant OCT solution. A 0.22 mm coverslip was mounted on the glass slide over the tissue section and the samples were imaged using second harmonic imaging microscope with pulse modulation [46] . The excitation Ti Sapphire laser (Mai Tai, Spectra Physics, Mountain View, CA) wavelength is 900 nm and the SHG signal is collected in the transmission mode through a 450 nm band pass filter (FWHM of 10 nm) and collected using a photomultiplier tube (PMT) (Hamamatsu, R6357). The two photon excited fluorescence (TPEF) from the GFP-labeled tumors were collected using another PMT after it passes a 685 nm short pass filter in reflection mode. A Carl Zeiss LSM 510 meta was modified to be used for this purpose. Images were acquired using a 0.45 NA, 10× Objective to obtain 920 μm × 920 μm, 512 × 512 pixels images.
Histology
Haematoxylin and Eosin (H & E) staining was carried out using standard protocol [47] . Briefly 10 μm tissue sections were fixed in ethanol and stained in Ham's Haematoxylin for two minutes, washed thoroughly, and stained in Eosin for a few seconds. The stained sections are dehydrated in ethanol and Xylene and mounted in Depex mounting medium (Sigma) and imaged (IX51, Olympus).
Image processing and quantification of percentage of high SHG intensity area and collagen fiber orientation in tumors
The collagen pixels were segmented from SHG channel images using an image segmentation algorithm based on mixture Gaussian model [48] . It is assumed that the intensity of pixels in the image can be modeled as the mixture of two Gaussian distribu-tions, one representing collagen area with strong SHG signals and the other representing the background. Using the Expectation-Maximization (EM) algorithm [49] , the parameters of the Gaussian distributions that best model the intensity of pixels in the image could be found. A binary image was generated by applying value 1 to all the pixels having intensities that belong to the Gaussian distribution representing high SHG intensity area, and value 0 to the remaining pixels. The percentage of high SHG intensity area was calculated as the ratio of the collagen pixels to the total number of pixels in the image.
The edge where the tumor meets the muscle or skin was traced manually and the percentage of collagen of each line, which is parallel to the edge, is calculated. The width of the tumor boundary (TB) was defined as the depth where the percentage of collagen changes most between neighboring lines. The "area beneath the tumor boundary" (AB) demarcates the area 100 μm into the tumor, from the boundary. The core area of the tumor beneath AB was identified as the tumor interior (TI). The binary image of AB and TI was then divided into small blocks ( Fig. 1a) and the overall collagen fiber orientation in each block (Fig. 1b) was calculated using the Fourier transform ( Fig. 1c) as in [50] . The collagen fiber was characterized using two parameters, angle index (AI) and neighbor index (NI) similar to [1] (Fig. 1d) . The angle index is quantified as the sum of the differences in the orientation of the index block to that of each of its neighbor blocks normalized to the number of neighbors used in the computation. The neighbor index refers to the number of non-parallel neighbor blocks, while a neighbor block is defined as non-parallel if the difference between its orientation angle and that of the index block is greater than a threshold of 30°. Different sizes of the block were evaluated, and it was found that the block size would not affect the quantification results of AI and NI when it is smaller than 100 pixels by 100 pixels. The angle index and the neighbor index were calculated for the TI and AB areas.
To calculate the resultant angle of the collagen fibers to the tumor surface in the AB area, the image was divided into 100 pixels by 100 pixel blocks. In each block, the collagen fiber network was extracted using the algorithm in [52] . The angle between each collagen fiber and tumor surface was calculated and a histogram was generated.
Statistical analysis
The analyses were performed using the Statistics toolbox in Microsoft Excel. p < 0.05 was considered statistically significant. Cell proliferation, drug resistance and tumor growth data were analyzed statistically by the Student t-test for two group comparisons. The quantification of percentage of high SHG intensity area, angle index and neighbor index were performed in MATLAB and the statistical significance was also calculated using a Student t-test.
Results
CICs are isolated from the invasive breast cancer cell line MX-1
We incubated MX-1 cells with Hoechst 33342 to identify the optimal conditions for isolating CICs as side population that exhibit strong efflux properties pumping out small molecules such as drugs or dyes [29] (Fig. 2a) . After 0.5 hr and 1 hr of staining, majority of the cells were still low in dye concentration resulting in a relatively high percentage (> 0.4%) of the side population or the tails in the dot-plots. This high percentage of side population should contain a mixture of the CICs that pump the dyes as well as the non-CICs that are poorly stained. After 1.5 hrs of staining the tail percentage dropped and after 2.5 hrs reached stable low percentage of < 0.3%. At this point, dye interaction with cells has To investigate whether the side population as identified in Fig. 2a indeed contains primarily CICs with active drug transporters, we co-incubated verapamil (an ubiquitous ABC transporter inhibitor) along with Hoechst 33342 with the cells [53] . In the presence of verapamil, the side population was essentially abolished (less 15 folds), confirming that the side population that we have isolated indeed contains primarily the CICs that are pumping out dye through ABC transporters (Fig. 2b-c ) [54] . CICs are known to divide rapidly with clonal morphology in many tumors [12, 23] . We compared the rate of cell proliferation of the isolated side population (CICs) with the rest of the MX-1 cells (nonCICs) by culturing them over a period of 3 weeks (5 passages). When 20,000 cells were seeded, the side population could proliferate at a higher rate (doubling time of 36 hours) to yield 33 million cells, while the rest of the MX-1 cells could only yield 11.5 million cells (doubling time of 48 hours) (Fig. 3a) . When seeded as single cells, the side population can repeatedly proliferate to form tight colonies (Fig. 3b,  3c ) while the rest of the MX-1 cells proliferate less and exhibit a flat and spread morphology (Fig. 3d,  3e ). The tight clonal morphology of the MX-1 side population is reminiscent of the CICs that can grow and divide even when anchoring poorly to substrata [12] .
CICs have been shown to survive chemotherapeutic regimens by better efflux of the drug molecules [55, 56] . We assessed the drug resistance of the side population cells using a short-term (2 hrs) and long-term (7 days) doxorubicin and mitoxantrone exposure followed by staining and flow cytometry. In short-term exposure to drugs, the percentage of side population (< 0.3%) did not change significantly while the dye absorption and retention profiles of the non-CIC population were disrupted (Fig. 4a-c) consistent with the improved resistance of CICs to chemotherapy over non-CICs. After long-term drug exposure, the percentage of the non-CIC population was drastically reduced while the CIC-rich population now constitutes of > 25% of the total cell population (Fig. 4d-f ) likely due to the selective survival of CICs in long-term chemotherapy further supporting that our isolated side population contains primarily CICs [16] .
3.3 CICs are more tumorigenic in SCID mice models compared to non-CICs and SHG imaging and histology reveal tumor and stromal structures CICs are highly tumorigenic in animal models, where injecting very few CICs can result in tumor formation [10, 11, 13] . CICs and non-CICs were injected into animals, and tumor growth was observed using a whole animal imaging system (OV100, Olympus Corporation, Japan). In 8 weeks, all the animals injected with CICs formed tumors, while only one animal with non-CICs formed a single tumor despite injecting up to hundred folds more cells (Fig. 5a and b) .
The tumors in the CIC-rich cohort were large with well-developed structure with blood vessels. The only tumor in the CIC-poor cohort was barely visible under the animal's skin. Histology images of CIC-rich and CIC-poor tumor sections are shown in Fig. 5c and d . The H & E stains showed well-developed tumor encapsulated by stromal boundary in all eight CIC-rich and the only one CIC-poor tumor. SHG imaging of tumor sections adjacent to the stained section provide both cellular and stromal information (Fig. 5e, 5f ). The tumor interior (TI) and the stromal boundary (TB) are identified in both histology and SHG images. The ability of the cells isolated by side population technique to form well developed, large tumors from fewer injected cells confirm that the isolated cells are indeed CICs [10, 11, 13] .
Second Harmonic Imaging of CIC-rich tumors reveal extensive collagen remodeling in the tumor interior
Second Harmonic Generation (SHG) imaging is a powerful tool for visualizing and quantifying fibrillar [46, [57] [58] [59] . SHG imaging of tumor sections revealed a distinct difference in collagen distribution between the tumor boundary and the interior. The collagen fibers in the tumor boundary (TB) was bundled and coiled; and it was very difficult to distinguish individual collagen fibers. The collagen distribution in TB of both CIC-rich and CIC-poor tumors had similar appearance. The collagen fibers in the tumor interior (TI) were more distinct and individual fiber structures could be identified. The CICrich tumors had less collagen than the CIC-poor tumors (Fig. 6a, d ).
In the area where the interior meets the boundary, there was a zone where collagen fibers were sparsely distributed. We identified this region as the area beneath the tumor boundary (AB). The collagen fibers in the AB region of CIC-rich tumors were sparse, well aligned and emanating from the tumor center, appearing perpendicular to the tumor boundary. The AB region of CIC-poor tumor had denser collagen fibers without preferential orientation. The fiber orientation of CIC-rich tumors is more evident after image segmentation (Fig. 6b, e) and pseudo-coloring the fibers perpendicular to the boundary in blue versus the fibers parallel to the boundary in red (Fig. 6c, f) . The CIC-poor tumors have more fibers parallel to the boundary than the CIC-rich tumors.
Quantification of distinct collagen remodeling in MX-1 CIC-rich tumors
The collagen fiber distributions in CIC-rich and CIC-poor tumors were quantitatively analyzed using percentage of high SHG intensity area, angle index (AI), neighbor index (NI) and fiber angle. CIC-rich tumors had a percentage of high SHG intensity area of 10.02% ± 0.4%, and CIC-poor tumor 30% ± 1% in their tumor interiors (Fig. 7a) confirming that there are more active collagen remodeling in the interior of the CIC-rich tumors than the CIC-poor tumor.
The angle and neighbor index in the TI and AB regions were quantified and compared. Angle index indicates the fiber alignment within a 100 × 100 pixel block with respect to its neighboring blocks; and the neighbor index indicates the number of misaligned neighbors. The higher the indices the more misaligned the fibers are with their neighbors. The AI and NI in CIC-rich TI was statistically higher than in the AB region, while in CIC-poor tumors there was no such differences (Fig. 7b, c) . In CIC-rich tumors, the collagen fibers are more misaligned in the TI and they progressively have better alignment in the AB region. CIC-rich tumors seem to undergo differential remodeling of collagen near the tumor boundary whereas CIC-poor tumors do not. Thus, AI and NI in the AB region would be good morphological markers for the presence of CICs in tumors.
We also quantified the angle between individual collagen fibers in the AB region with respect to its boundary. 0°means that the fiber is parallel to the boundary and 90°means that it is perpendicular. The number of fibers aligned perpendicular to the boundary was significantly higher in the CIC-rich tumors, while the number of fibers aligned parallel to the boundary was significantly higher in the CICpoor tumors (Fig. 7d) . The collagen fibers aligning itself perpendicular to the tumor boundary has been shown to be a hallmark of tumor invasion and metastasis [60] . It is consistent that the CIC-rich tumors are remodeling their matrix extensively and aligning their fibers perpendicular to the boundary possibly as a step towards invasion and metastasis.
Discussion
The side population analysis technique was first established to study stem cell populations in the hematopoietic system [30] . The technique has been adopted to isolate CICs as both stem cells and CICs are able to efflux drug through molecular pumps such as the Multiple Drug Resistance (MDR) proteins, P-glycoprotein and ATP binding cassette (ABC) family transporters [54, 56] . These pumps can be ubiquitously blocked using drugs such as verapamil, cyclosporin and Fumitremorgin C. We have successfully isolated CICs from MX-1 cell line using the side population technique and confirmed the identity of CICs in the side population through abolition of the side population by verapamil. We further observed high level of cell proliferation and drug resistance of the side population consistent with their identity as the CICs.
The ability of CICs to recapitulate the entire population (both CICs and non-CICs), has been demonstrated as a hallmark of CICs [13] . When we analyzed the CICs after culturing it for three weeks, the population consisted of~2% of CICs and~98% non-CICs (data not shown). This asymmetric division of CICs is reminiscent of stem cells, where they remain the minority population, controlling and directing the proliferation of the non-CICs majority.
Drug resistance is the basis of cancer relapse where a few cancer cells can evade treatment and re-establish tumors at the primary site or metastasize to other organs. Prior studies on breast CICs have demonstrated their improved drug resistance [15, 16] . We tested drug resistance of the CICs using two commonly used chemotherapeutic drugs doxorubicin and mitoxantrone used in the treatment of metastatic breast cancers, non-Hodgkin's lymphoma and acute myeloid leukaemia (AML). We demonstrated that CICs are resistant to both doxorubicin and mitoxantrone. After 7 days of culture with the chemotherapeutic drugs, we found that >25% of the cells survived were CICs. This increase in CICs may be due to the CIC's proliferation in culture even in the presence of doxorubicin or mitoxantrone, or due to the drug transporters enabling them to efflux more drugs efficiently. It is evident that the CICs are able to survive the onslaught of chemotherapy better than the non-CICs. tumor (a, d) . The tumor interior (TI), area beneath the boundary (AB) and tumor boundary (TB) are shown. The collagen information was segmented and the pixels identified as collagen were given the value of 1 (white) and the pixels identified as background were given the value of 0 (black) (b, e). The collagen fibers in the AB region that are aligned at an angle lesser than 30°are pseudo-colored red, while those that are aligned at an angle greater than 60°are pseudo-colored blue (c, f). Scale bar: 50 μm.
The ability to generate tumors in animal models in small numbers is another hallmark of CICs [10] [11] [12] . When we injected 100,000 CICs and 10 million non-CICs cells into the animals, all CIC-injected animals developed tumors, but only one non-CICs injected animal formed a single tumor despite injecting up to hundred folds more non-CICs. In an ovarian cancer study it was also demonstrated that the nonCICs were able to form a tumor only because there was a contamination of non-CICs with some CICs [61] .
CIC's collagen remodeling activity was visualized ex-vivo using SHG imaging. CIC-rich tumors had a distinct collagen distribution. Their percentage of high SHG intensity area was lower than seen in CIC-poor tumors; the fiber alignment changed significantly from the interior to the boundary and most of the fibers beneath the tumor boundary were aligned perpendicular to the boundary. Prior studies have demonstrated qualitative SHG imaging of collagen in cancer models in melanoma, breast cancer, cervical and ovarian cancers [43] [44] [45] . Very few groups have reported collagen visualization in the tumor interior even though there are many reports on the study of the tumor boundaries where collagen is more abundant [60, 62] . Collagen both in the tumor interior and boundary was clearly visualized in this study due to the improved performance of the pulse modulated SH imaging system employed.
Wolf et al. [63] described three dimensional movements of cancer cells through in vitro 3D collagen matrices. The in vitro imaging of cancer cell invasion is useful to observe how individual cancer cells change their morphology as well as their surrounding matrix. However, several other factors come into play when the cancer cells are growing in a solid tumor such as vascularization and other cell types in the tumor. The importance of studying cancer-matrix interactions in vivo was demonstrated by Provenzano et al. [60] describing the tumor associated collagen signatures where the collagen density above and around the tumor is increased and the collagen fibers in the non-invading areas were aligned parallel to the boundary. Keely et al. [62] described tumor-associated collagen signatures at tumor-host tissue interface where fibers were perpendicular to the surrounding host tissue at invading regions of the tumors.
The significant reduction of angle index and neighbor index from the CIC-rich tumor interior to the boundary shows that the fibers, which are more disorderly in the tumor interior, start to align themselves towards the boundary. This realignment process is not detected in CIC-poor tumors. In the interface of the tumor interior and boundary, more than 40% of the collagen fibers are aligned perpendicular to the boundary in CIC-rich tumors. This observation is reminiscent of the invading tumor phenotype in the work of Keely et al. [62] . The manifestation of this phenotype might be related to CIC's higher migratory and invasive potential.
CIC-rich tumors profoundly remodel the collagen in the AB region as compared to the CIC-poor tumors. It would be impractical to directly visualize CICs with high degree of confidence in tissue samples since CICs represent a rare cell population; however, the impact of CICs on the ECM in the AB region of the tumors is significant and can be quantified. Such distinct CIC-associated collagen signatures would potentially help clinicians to ascertain the presence of CICs in a tumor mass and help surgeons to identify hotspots of CIC invasion for removal, and guide follow-up radiotherapy.
Conclusions
We have demonstrated that CICs can be isolated from a breast cancer cell line MX-1, exhibiting high rate of cell proliferation, drug efflux, drug resistance and tumorigenesis. The CIC-rich tumors can actively remodel the collagen in the tumor interior leaving behind sparse collagen fibers, and preferentially align the fibers in AB region perpendicular to the boundary. These patterns of collagen fibers in CICrich tumors can be quantified with SHG microscopy and analyzed as CIC-associated collagen signatures in animal models and human samples. With such amplified CIC signatures, clinicians might be able to assess the presence and distribution of CICs in patient samples to aid the design of appropriate treatment regimens.
